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Abstract 

A search for the production of single top-quarks via flavour- changing neutral-currents is presented. Data collected with the ATLAS 
" "^"detector at a centre-of-mass energy of ^fs - 7 TeV, corresponding to an integrated luminosity of 2.05 fb"', are used. Candidate 
,__! events with a semileptonic top-quark decay signature are classified as signal or background-like events by using several kinematic 
(T^ variables as input to a neural network. No signal is observed in the neural network output distribution and a Bayesian upper limit 
CN is placed on the production cross-section. The observed upper limit at 95% confidence level on the cross-section multiplied by the 
J>^f — » W/? branching fraction is measured to be o-gg^,xS(t — > Wb) < 3.9 pb. This upper limit is converted using a model-independent 



d approach into upper limits on the coupling strengths Kugt/A < 6.9 ■ 10 TeV 
^. physics scale, and on the branching fractions S(t — » ug) < 5.7 ■ 10"^ and !B(t ■ 

f^ -Keywords: top physics, heavy quark production, FCNC, single top quark 



and Kcgt/A < 1.6 • 10 TeV , where A is the new 

eg) < 2.7 ■ 10-4. 
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1. Introduction 



P.' 



The top quark is the heaviest elementary particle known, with 
ij a mass of mtop - 173.2 ± 0.9 GeV [1] that is close to the elec- 
f~| troweak symmetry breaking scale. For this reason it is an excel- 

'~~' Jent object to test the Standard Model (SM) of particle physics. 

-vj The properties of the top quark can be studied from proton- 
J>. proton ipp) collisions at yfs - 7 TeV with the Large Hadron 

0^ ColUder (LHC). Top-quark pair-production via the strong in- 

Cn teraction has been measured at the LHC ||2i j3|], and its cross- 



vn 



section is in good agreement with the prediction of the SM. 



^^ Additionally, top quarks can be singly produced through three 
^3^ dififerent processes: f-channel, Wt associated production, and s- 
~^ channel. Only f-channel single top-quark production has been 
,__! observed so far ||4|-|6|]. According to the SM of particle physics, 

r* flavour-changing neutral-current (FCNC) processes are forbid- 
.!^ den at tree level and suppressed at higher orders due to the 
S^ Glashow-lliopoulos-Maiani mechanism iItI]. Extensions of the 

H SM with new sources of flavour predict higher rates for FC- 
- . NCs involving the top quark; these extensions include new ex- 
otic quarks jsll, n ew scalars |9, 10], supersymmetry lllll - ll4ll . or 



technicolour OlSll (for a review see Ref. lll6ll V If the new parti- 
cles are heavy, which is consistent with the non-observation of 
low-mass new particles at the Tevatron and LHC, their eff'ects 
on top-quark FCNCs can be parameterised in terms of a set 
of dimension-six gauge-invariant operators [|17;1 . The predicted 
branching fractions for top quarks decaying to a quark and a 
photon, Z boson, or gluon can be as large as 10"^ to 10 "^ for 
certain regions of the parameter space in the models mentioned. 
For heavy new particles these branching fractions can be large, 
if the new particles couple strongly to the SM particles. 

According to the corresponding values of the unitary 
Cabibbo-Kobayashi-Maskawa matrix, the top quark decays al- 
most exclusively to a W boson and a b quark. FCNC top- 



quark decays can be studied directly by searching for final states 
with the corresponding decay particles lllSi 11911 . However, the 
t —^ qg mode, where q denotes either an up quark m or a 
charm quark c, is almost impossible to separate from generic 
multijet-production via quantum chromodynamic (QCD) pro- 
cesses, and a much better sensitivity can be achieved in the 
search for anomalous single top-quark production. In the pro- 
cess studied here, a m or c quark and a gluon g coming from 
the colliding protons interact to produce a single top-quark. 
The most general eff'ective Lagrangian X.eS for this process re- 
sulting from dimension-six operators contains only tensor cou- 
plings 02011 and it can be written as 112 1112211 : 



Xeff = 8. 2 "-ft^^'T^fj^PL + f^PR)qG% + h.c. 



(1) 



q-u,c 



where the K^gt, Kcgt are dimensionless parameters that relate the 
strength of the new coupling to the strong coupling constant gs- 
A is the new physics scale, related to the mass cutoff" scale above 
which the eff'ective theory breaks down. T" are the Gell-Mann 
matrices |23il and cr''^ = ^{y^,y^} transforms as a tensor under 
the Lorentz group. The /^^'* are chiral parameters normalised 
such that: \f^\^ + |/*p = 1. The operator P/, = \(\ - y^) per- 
forms a left-handed projection, while Pr - ^(1 -n y^) performs 
a right-handed projection, where y^ represents the chirality op- 
erator. G" is the gauge-field tensor of the gluon and t and q are 
the fermion fields of the top and Ught quark, respectively. 

The existence of FCNC operators allows not only the pro- 
duction of top quarks via qg — > t, but also the decays t — > qg. 
In the allowed region of parameter space for Kgg,/A an experi- 
mentally favourable situation occurs when the FCNC produc- 
tion cross-section for single top-quarks is several picobarns, 
while the branching fraction for FCNC decays is very small, 
and top quarks can thus be reconstructed in the SM decay mode 
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t — > Wb. The W boson can decay into quark-antiquark pairs 
(W — > ^1^2) or a lepton-neutrino pair (W ^ Iv). In this anal- 
ysis only the decay into a lepton-neutrino pair, the leptonic de- 
cay, is considered. Thus the complete process searched for is 
q'g — > f — > W(— > (v)b. Selected events are characterised by an 
isolated high-energy lepton (electron or muon), missing trans- 
verse momentum from the neutrino and exactly one jet, pro- 
duced by the hadronisation of the b quark. Events with a W 
boson decaying into a t lepton, where the r decays into an elec- 
tron or a muon are also selected. The process studied here can 
be differentiated from SM single top-quark production because 
the latter is usually accompanied by additional jets. 

This analysis is the first search for FCNCs involving quarks 
and gluons at the LHC. A search for the 2^1 process qg ^> t 
was performed by CDF [24], while DO set limits on K„g,/A and 



Kcgi/A by analysing the 2^2 processes qq 
gg — > til and their c quark analogues 125 1. 



tu,ug — > tg, and 



2. Data sample and simulation 

The ATLAS detector [26] is built from a set of cylindrical 
subdetectors, which cover almost the full solid anglqj around 
the interaction point. 

ATLAS is composed of an inner tracking system close to 
the interaction point, surrounded by a superconducting solenoid 
providing a 2 T axial magnetic field, electromagnetic and 
hadronic calorimeters, and a muon spectrometer The electro- 
magnetic calorimeter is a high-granularity liquid-argon (LAr) 
sampling calorimeter with lead absorber An iron-scintillator 
tile calorimeter provides hadronic energy measurements in the 
central pseudorapidity range. The endcap and forward regions 
are instrumented with LAr calorimeters for both electromag- 
netic and hadronic energy measurements. The muon spectrom- 
eter consists of three large superconducting toroids, a system of 
trigger chambers, and precision tracking chambers. 

This analysis is performed using V^ = 7 TeV pp-collision 
data recorded by ATLAS between March 22 and August 22, 
2011. Only the periods in which all the subdetectors were op- 
erational are considered, resulting in a data sample with a total 
integrated luminosity of 2.05 + 0.08 fb"' |27, 21]. 

Detector and trigger simulations are performed with the stan- 
dard simulation of ATLAS within the GEANT4 HS frame- 
work. The same offline reconstruction methods used with data 
events are applied to the simulated samples. Minimum bias 
events generated by PYTHIA |31] are used to simulate multi- 
ple pp interactions, corresponding to the LHC operation with 
50 ns bunch separation and an average of six additional pp in- 
teractions per bunch crossing. 

For the simulation of FCNC production of single top-quarks, 
PROTOS 13211 is used. The top quarks decay as expected in the 



In the right-handed ATLAS coordinate system, the pseudorapidity ;; is de- 
iined as ;; = - ln[tan(6/2)], where the polar angle 9 is measured with respect 
to the LHC beamline. The azimuthal angle <f) is measured with respect to the 
X-axis, which points towards the centre of the LHC ring. The z-axis is parallel 
to the anti-clockwise beam viewed from above. Transverse momentum and en- 
ergy are defined as pT = P sin 8 and Ej = E sin 8, respectively. The AR distance 
is defined as AR = ^(At])^ + (A(p)^. 



SM, and only the leptonic decay of the W boson is considered. 
W bosons decaying into a t lepton, where the r decays into 
an electron or a muon are included in both the signal and all 
background samples. TheCTEQ6 [33] leading-order (LO) par- 
ton distribution functions (PDFs) are used and the hadronisation 
of signal events is simulated with PYTHIA using the AMBTl 
tunes |,34J to the ATLAS collision data. It has been verified that 
the kinematics of the signal process are independent of the a 
priori unknown FCNC coupling. 

Several SM processes are expected to have the same final- 
state topology as the signal. Samples of simulated events for 
the f-channel and Wt single top-quark processes are gener- 
ated by the AcerMC program L35J with the CTEQ6 LO PDFs 
and hadronised with PYTHIA; for the i-channel process, the 
MC@NLO (3E] generator with the CTEQ6.6 S PDFs inter- 
faced to HERWIG 138] and JIMMY [32] . 

The ALPGEN |40] program with the CTEQ6 LO PDFs is 
interfaced to HERWIG and JIMMY to generate W-i-jets, Wbb, 
Wcc, Wc and Z-Hjets events with up to five additional partons. 
To remove overlaps between the n and n + I parton samples 
the MLM matching scheme [40] is used. The double count- 
ing between the inclusive W + n parton samples and samples 
with associated heavy-quark pair-production is removed utiUs- 
ing an overlap-removal method based on AR matching. The 
pai-ameters of HERWIG, with the MRST LO** LilJ PDFs, and 
JIMMY are tuned to ATLAS collision data with the correspond- 
ing AUETl tunes [42]. Diboson backgrounds from WW, WZ 
and ZZ events are simulated using HERWIG. For the generation 
of SM tt events the MC@NLO generator with the CTEQ6.6 
PDFs is used. The parton shower and the underlying event are 
added using HERWIG and JIMMY. 

3. Event selection 

Events are considered only if they were accepted by a single- 
lepton trigger [43]. The single-muon trigger threshold was 
Pj = 18 GeV, and the single-electron trigger threshold was 
raised from an E-y of 20 GeV to 22 GeV for higher LHC lu- 
minosities. 

Electron candidates are defined as clusters of cells in the elec- 
tromagnetic calorimeter associated with a well-measured track 
fulfilling several quality requirements [4-4]. Electron candidates 
are required to satisfy pj > 25 GeV and |?7ciusl < 2.47, where 
;7cius is the pseudorapidity of the cluster of energy deposits in 
the calorimeter A veto is placed on candidates in the calorime- 
ter barrel-endcap transition region, L37 < |77ciusl < 1.52, where 
there is limited calorimeter instrumentation. High-pj elec- 
trons associated with the W-boson decay can be mimicked 
by hadronic jets reconstructed as electrons, electrons from de- 
cays of heavy quarks, and photon conversions. Since signal 
electrons from the W-boson decay are typically isolated from 
hadronic jet activity, these backgrounds can be suppressed via 
isolation criteria which require minimal calorimeter activity and 
only low track pj in an rj-ip cone around the electron candi- 
date. Calorimeter isolation requires the sum of the Ej in cells 
within a cone of AR - 0.3 around each electron with pj > 25 
GeV to satisfy ZEt(AR < 0.3)/ pt < 0.15. Similarly, the 



scalar sum of the pj of tracks around the electron must sat- 
isfy YjPt(^ < 0.3)/ pj < 0.15. The electron track pj and 
the Ej in associated cells are excluded from 2 pj(AR < 0.3) 
and 2 Ej(AR < 0.3), respectively. Muon candidates are re- 
constructed by matching track segments or complete tracks in 
the muon spectrometer with the inner detector tracks. The fi- 
nal candidates are required to have a transverse momentum 
Pj> 25 GeV and to be in the pseudorapidity region of I?;! < 2.5. 
Isolation criteria are applied to reduce background events in 
which a high-px muon is produced in the decay of a heavy 
quark. For the transverse energy within a cone of AR = 0.3 
about the muon direction, YjEt{AR < 0.3)//?t < 0.15 is re- 
quired, while the scalar sum of transverse momenta of addi- 
tional tracks inside a AR = 0.3 cone around the muon must sat- 
isfy 2 /7t(A/? < 0.3)/ pt < 0.10. Candidate events are required 
to have exactly one isolated lepton {£). 

Jets are reconstructed using the anti-^, algorithm ll45ll with 
the distance parameter R set to 0.4. The jets are then corrected 
from the raw calorimeter response to the energies of the recon- 
structed particles using pj- and //-dependent factors, derived 
from simulated events and validated with data [46]. Since the 
signal process gives rise to only one high-px jet, exactly one 
reconstructed jet with px > 25 GeV is required. 

The magnitude of the missing transverse momentum fi™^^ is 
defined as Ej^^'^ = l^x'^^^l' where £'™*'* is calculated using the 
calibrated three-dimensional calorimeter energy clusters asso- 
ciated with the jet together with either the calibrated calorimeter 
energy cluster associated with an electron or the pj of a muon 
track 14711 . Transverse energy deposited in calorimeter cells but 
not associated with any high-px object is also included in the 
£mis.s calculation. Due to the presence of a neutrino in the final 
state of the signal process, E™"*^ > 25 GeV is required. To fur- 
ther reduce the number of multijet background events, which 
are characterised by low El 

W-boson transverse mass m^ 



"'■^^ and low values of reconstructed 
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the event selection requires nij + E™ 

Finally, the selected jet has to be identified (i>- tagged) as a 
fe-quark jet. The tagging algorithm exploits the properties of a 
fe-quark decay in a jet using neural-network techniques and the 
reconstruction of a secondary vertex, and has an identification 
efliciency measured to be about 57% in tt events [48]. Only 
0.2% of light-quark jets and 10% of c-quarkjets are mis-tagged 
as /7-quarkjets. The following samples are defined for this anal- 
ysis: a "/7-tagged sample" with exactly one ^-tagged jet, and a 
"pretagged sample" without any Z^-tagging requirement. 

Assuming a cross-section of 1 pb for FCNC single top-quark 
production, about 113 signal events in 2.05 fb"' of collision 
data are expected in the ^-tagged sample. 

The normalisations for the various background processes are 
estimated either by using the experimental data or by using 
Monte Carlo simulation scaled to the theoretical cross-section 
predictions. For the W-Hjets and Z-njets backgrounds the kine- 
matic distributions are modelled using simulated events, while 
the inclusive cross-sections are calculated to next-to-next-to- 



leading order (NNLO) with FEWZ (|49|]. The dominant W-njets 
background process is Wc production, whose A:-factor is ob- 



tained by comparing the NLO and LO cross-sections calculated 
using MCFM |50]. The W+{\ jet) and Z+{\ jet) background 
normalisation uncertainties are estimated from the uncertainty 
in the cross-section of the W/Z+{Q jet) process and the uncer- 
tainty in the cross-section ratio of W/Z+il jet) to W/Z+{0 jet). 
A cross-section uncertainty of 4% is assigned for the W/Z+(0 
jet) process. Variations consistent with experimental data are 
made in ALPGEN to the factorisation and normalisation scale 
and to the matching parameters, and yield a 24% uncertainty 
on the cross-section ratio. Background contributions from the 
heavy-quark processes Wbb, Wcc and Wc have relative uncer- 
tainties of 50%, estimated using a tag-counting method in con- 
trol regions. The tt cross-section is normalised to the approx- 
imate NNLO-predicted value obtained using HATHOR Iplll . 
The SM single top-quark production cross-section is also calcu- 
lated to approximate NNLO I.52.-.54.1 . A theoretical uncertainty 
of 10% is assigned for SM top-quark production. The normal- 
isation of the cross-section for production of diboson events is 
obtained using NLO cross-section predictions and has an un- 
certainty of 5%. 

Multijet events may be selected if a jet is misidentified as an 
isolated lepton or if the event has a non-prompt lepton that ap- 
pears isolated. A binned maximum-Ukelihood fit to the is™'*'' 
distribution is used to estimate the multijet background normal- 
isation. A template of the multijet background is modelled us- 
ing electron-Uke jets selected from jet-triggered collision data 
and is referred to as a jet-electron model. Each jet has to ful- 
fil the same pi and rj requirements as a signal lepton, contain 
at least four tracks to reduce the contribution from converted 
photons, and deposit 80-95% of its energy in the electromag- 
netic calorimeter The uncertainty in the multijet background 
normalisation is estimated to be 50% by fitting the distribution 
of rn^ instead of £'™^^ and using jet-electron models built from 
jet-triggered data samples with diff'erent average numbers of in- 
elastic pp interactions per event. The shape of the jet-electron 
data sample is used to model the multijet background shape in 
the electron and muon channels. The validity of the model in 
both channels is verified by comparing distributions of multijet- 
sensitive variables to observed data. 

In the Zj-tagged sample 26223 events are observed in data 
compared to a prediction of 24000 + 7000 events from our esti- 
mates of SM backgrounds. Table [1] summarises the event yield 
for each of the background processes considered. Each event 
yield uncertainty in Table [T]combines the statistical uncertainty, 
originating from the limited size of the used samples, with the 
uncertainty in the cross-section or normalisation. 

4. Data analysis 

Given the large uncertainty in the expected background and 
the small number of expected signal events estimated in Sec- 
tion[3] multivariate analysis techniques are used to separate sig- 
nal events from background events. We use a neural-network 
classifier [55] that combines a three-layer feed-forward neural 
network with a complex robust preprocessing. In order to im- 
prove the performance and to avoid overtraining, Bayesian reg- 
ularisation [56] is implemented during the training process. The 
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Figure 1 : Kinematic distributions of the three most significant variables normalised to the number of observed events for the pretagged selection (top) and in the 
i-tagged selection (bottom), for the electron and muon channel combined: (a), (d) transverse momentum of the W boson, (b), (e) Ai? between the jet and the lepton 
and (c), (f) charge of the lepton. In these distributions the signal contribution is shown stacked on top of the backgrounds, with a normalisation corresponding 
to a cross-section of 100 pb. The hatched band indicates the statistical uncertainty from the sizes of the simulated samples and the uncertainty in the background 
normalisation. 



Table 1 : Number of observed data events and expected number of background 
events for the fo-tagged sample. The uncertainties include the statistical un- 
certainty from the size of the simulated sample and the uncertainties on the 
cross-section and the multijet normalisation. 



Process 


Expected events 


SM single top 


1460 


+ 


150 


ti 


660 


+ 


70 


W-i- light jets 


4700 


+ 


1100 


W^^/VKcc-f-jets 


2700 


+ 


1500 


Wc H- jets 


12100 


± 


6700 


Z-HJets/diboson 


700 


+ 


170 


Multijet 


1600 


± 


800 


Total background 


24000 


± 


7000 


Observed 


26223 



network infrastructure consists of one input node for each of the 
11 input variables plus one bias node, 13 nodes in the hidden 
layer, and one output node which gives a continuous output in 
the interval [-1, 1]. The training is done with a mixture of 50% 
signal and 50% background events using about 650000 events, 
where the different background processes are weighted accord- 
ing to their expected numbers of events. 

The qg —^ t ^ Mv process is characterised by three main dif- 
ferences from SM processes that pass the event selection cuts. 
Firstly, in single top-quark production via FCNCs, the top quark 
is produced almost without transverse momentum. Therefore 



the pj distribution of the top quark is much softer than the 
Pt distribution of top quarks produced through SM top-quark 
production, and the W boson and b quark from the top-quark 
decay are almost back-to-back with an opening angle near n. 
Secondly, unlike in the W/Z-i-jet and diboson backgrounds, the 
W boson from the top-quark decay has a very high momentum 
and its highly-boosted decay products have small opening an- 
gles. Lastly, the top-quark charge asymmetry differs between 
FCNC processes and SM processes. The FCNC processes are 
predicted to produce four times more single top quarks than 
anti-top quarks, whereas in SM single top-quark production and 
all other SM backgrounds this ratio is at most two. All possi- 
ble discriminating variables such as momenta, relative angles, 
pseudorapidity, reconstructed particles masses, and lepton elec- 
tric charge were explored, including variables obtained from the 
reconstructed W boson and the top quark. To reconstruct the 
four-momentum of the W boson, the neutrino four-momentum 
is derived from the measured E™'^^ since it cannot be measured 
directly. The neutrino longitudinal momentum, pi, is calculated 
by imposing a kinematic constraint on the niw invariant mass. 
The twofold ambiguity is resolved by choosing the smallest \p'[\ 
solution, since the W boson is expected to be produced with 
small pseudorapidity. The top-quark candidate is reconstructed 
by adding the four-momentum of the Z^-tagged jet to the four- 
momentum of the reconstructed W boson. 

Eleven variables were selected as input to the neural network 
after testing for each variable the agreement between the back- 
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Figure 2: (a) Neural network output distribution scaled to the number of observed events in the pretagged sample, (b) Neural network output distribution scaled to 
the number of observed events in the /^-tagged sample. In these distributions the signal contribution is shown stacked on top of the backgrounds. The hatched band 
indicates the statistical unceitainty from the sizes of the simulated samples and the uncertainty in the background normalisation. 



ground model and observed events in both the large sample of 
pretagged events and the ^-tagged sample. The first ten vari- 
ables are the charge and the pj of the lepton, the pj, rj and 
mass of the /j-tagged jet, the AR between the /j-tagged jet and 
the charged lepton, the AR between the Zj-tagged jet and the 
reconstructed W boson, the opening angle A<p between the di- 
rections of the ^-tagged jet and the reconstructed W boson, the 
Pf of the W boson and the reconstructed top-quark mass. The 
last variable considered in the neural network is the H^-boson 
heUcity. This is calculated as cosO*, the cosine of the angle 
between the momentum of the charged lepton in the W-boson 
rest-frame and the momentum of the W boson as seen in the top- 
quark rest-frame. Table |2] shows a summary of the used vari- 
ables ordered by their importance. The importance of the vari- 
ables is estimated using an iterative procedure, removing one 
variable at a time and recalculating the separation power The 
ordering is done in terms of relevance defined as standard de- 
viations of the additional separation power given by each vari- 
able. Distributions of the three most important variables in the 
pretagged sample and the /j-tagged sample, normalised to the 
number of observed events, are shown in Figure [1] Since the 
neural network benefits from the correlation between variables 
and is trained to separate the signal process from all background 
processes, the naively expected variables are not the most im- 
portant ones, but variables, which are highly correlated to them. 



The resulting neural network output distributions for the var- 
ious processes, scaled to the number of observed events in the 
pretagged sample are shown in Figure |2ja). Figure |2}b) shows 
these distributions in the /j-tagged sample. Signal-like events 
have output values close to 1, whereas background-like events 
are accumulated near -1. We find good agreement between 
the neural network output distributions for data and simulated 
events in both the pretagged and ^-tagged samples. 



Table 2: Variables used as input to the neural network ordered by their impor- 
tance. 



Valuable 


Significance (cr) 


P^ 


57 


AR(b-iet,lep) 


28 


Lepton charge 


22 


Wtop 


20 


Wfe-jet 


15 


'yi-jet 


12 


A(f>(W,b-iet) 


11 


P'? 


12 


pV'' 


6.5 


cose* 


5.7 


AR{W,b-]&t) 


5.0 



5. Systematic Uncertainties 

Systematic uncertainties aff^ect the signal acceptance, the nor- 
malisation of the individual backgrounds, and the shape of the 
neural network output distributions. All uncertainties described 
below lead to uncertainties in the rate estimation as well as dis- 
tortions of the neural network output distribution and are imple- 
mented as such in the statistical analysis. 

The momentum scale and resolution, as well as the trigger 
and identification efficiency for single leptons is measured in 
collision data using Z — > ee, Z — > ^^, and W — > ev de- 
cays and corrective scale factors are applied to the simulation. 
Uncertainties on these factors as functions of the lepton kine- 
matics are around 5%. To evaluate the eff^ect of momentum 
scale uncertainties, the event selection is repeated with the lep- 
ton momentum varied up and down by the uncertainty. For the 
momentum resolution uncertainties, the event selection is re- 



peated with the lepton momentum smeared. The uncertainty in 
the jet energy scale, derived using information from test-beam 
data, collision data, and simulation varies between 2.5% and 
8% (3.5% and 14%) in the central (forward) region, depending 
on jet Pi and rj ll46ll . This includes uncertainties due to differ- 
ent compositions of jets initiated by gluons or light quarks in 
the samples and mis-measurements due to close-by jets. Addi- 
tional uncertainties due to multiple pp interactions are as large 
as 5% (7%) in the central (forward) region. Here, the central 
region is defined as \ri\ < 0.8. An additional jet energy scale 
uncertainty of up to 2.5%, depending on the pj of the jet, is 
applied for /j-quark jets due to differences between jets initi- 
ated by gluons or light quarks as opposed to jets containing 
^-hadrons. To evaluate the eff'ect of these uncertainties the en- 
ergy of each jet is scaled up or down by the uncertainty and the 
change is also propagated to the missing transverse momen- 
tum calculation. An uncertainty of 2% is assigned for the jet 
reconstruction efficiency based on the agreement between effi- 
ciencies measured in minimum bias and QCD dijet events and 
simulated events 115 711 . For the /j-tagging efficiencies and mis- 
tag rates, jet pj- and //-dependent scale factors are applied to 
match simulated distributions with observed distributions and 
have uncertainties from 8-16% and 23-A5%, respectively 114 811 . 

Systematic effects from mis-modelling in event generators 
are estimated by comparing different generators and varying 
parameters for the event generation. The effect of parton 
shower and hadronisation modelling uncertainties is evaluated 
by comparing two AcerMC samples interfaced to HERWIG 
and PYTHIA, respectively. The amount of initial and final state 
radiation is varied by modifying parameters in PYTHIA. The 
parameters are varied in a range comparable to those used in the 
Perugia Soft/Hard tune variations 05 811 . These uncertainties, the 
parton shower modelling and variations of initial and final state 
radiation are evaluated for all processes involving top quarks 
including the signal. The impact of the choice of PDFs in the 
simulation is studied by re-weighting the events according to 
PDF uncertainty eigenvector sets (CTEQ6.6, MSTW2008 [59]) 
and estimated following the procedure described in ll60ll . The 
uncertainties for the two PDF sets are added in quadrature. To 
account for uncertainties connected with the simulation of the 
ly-HJets sample several parameters in the generation of these 
samples are varied and event kinematics are compared. The un- 
certainty in the measured integrated luminosity is estimated to 
be 3.7%. 

The dominant uncertainties are the uncertainties in the jet 
energy scale, the initial and final state radiation variations, and 
uncertainties in the /j-tagging efficiencies and mis-tag rates. 

6. Results 

A Bayesian statistical analysis [61, 62] using a binned likeli- 
hood method applied to the neural network output distributions 
for the electron and muon channel combined is performed to 
measure or set an upper limit on the FCNC single top-quark 
production cross-section. 

Systematic uncertainties and their correlations among pro- 
cesses are included with a direct sampling approach where the 
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Figure 3: Distribution of the posterior probability function including all sys- 
tematic uncertainties for (a) the expected upper limit and (b) the observed upper 
limit at 95% C.L.. 



same Gaussian shift is applied to each source, process, and bin 
for a given uncertainty. The posterior density function (pdf) is 
obtained by creating a large number of samples of systematic 
shifts. A separate likelihood distribution is obtained for each 
sample, and the final pdf is then the average over all of the in- 
dividual likelihoods. This pdf gives the probability of the sig- 
nal hypothesis as a function of the signal cross-section. Since 
no significant rate of FCNC single top-quark production is ob- 
served, an upper limit is set by integrating the pdf. To estimate 
the a priori sensitivity, we use a pseudo-dataset corresponding 
to the prediction from simulations (Asimov dataset) |163|] and 
treated in the same way as the observed dataset. The result- 
ing expected upper limit at 95% confidence level (C.L.) on the 
anomalous FCNC single top-quark production cross-section in- 
cluding all systematic uncertainties is 2.4 pb, while the cor- 
responding observed upper limit is 3.9 pb, as shown in Fig- 
ures[3ja) and[3jb), respectively. To visualise the observed upper 
limit in the neural network output distribution Figure shows 



the FCNC single top-quark process scaled to observed upper 
limit on top of the SM background processes. As a cross-check 
we performed the full statistical analysis only for events with 
NN output > 0, which yields an observed upper limit at 95% 
C.L. of 5.9 pb. Using the NLO predictions for the FCNC sin- 
gle top-quark production cross-section ll64[ 16511 . the measured 
upper limit on the production cross-section is converted into 
limits on the coupling constants Kug,/A and Kcgt/A. Assuming 
Kcgt/A = one finds Kugf/A < 6.9 ■ 10"^ TeV"^ and assum- 
ing Kug,/A - one finds Kcgi/A < 1.6 ■ 10"^ TeV"'. Fig- 
ure 13 a) shows the distribution of the upper limit for all pos- 
sible combinations. Using the NLO calculation |66], upper 
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!B{t — > ug) = are derived, as shown in Figure |5jb). 
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Figure 4: Distributions of the neural network output: Observed signal and 
simulated background output distribution normalised to the mean value of the 
marginalised nuisance parameters, zoomed into the signal region. The FCNC 
single top quark process is normalised to the observed limit of 3.9 pb. The 
hatched band indicates the statistical uncertainty from the sizes of the simu- 
lated samples and the uncertainty in the background normalisation. 
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Figure 5: Upper limit (a) on the coupling constants Kug,/A and Kcg,/A and (b) 
on the branching fractions t — ► ug and t — ► eg. 



8. Acknowledgements 



7. Conclusion 



In summary, a data sample selected to consist of events with 
an isolated electron or muon, missing transverse momentum 
and a b-quaik jet has been used to search for FCNC produc- 
tion of single top-quarks at the LHC. No evidence for such 
processes is found and the upper limit at 95% C.L. on the 
production cross-section is 3.9 pb. The limits set on the cou- 
pling constants K,ig,/A and Kcgt/A and the branching fractions 
!B{t -^ ug) < 5.7 ■ 10"^ assuming S(f -^ eg) = 0, and 
!B{t -^ eg) < 2.7 ■ 10"'* assuming S{t -^ ug) = Q are the 
most stringent to date on FCNC single top-quark production 
processes for qg ^ t and improve on the previous best lim- 
its i25i1 by factors of 4 and 15, respectively. 
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D. Cauz'^^''■'^^^ R Cavalleri", D. Cavalli*"*% M. Cavalli-Sforza", V. Cavasinni'^'^-'^"', F. Ceradini*^^^-*^^'', A.S. Cerqueira^^^, 
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A. Cerri^'', L. Cemto^^ F. Cemtti^^, S.A. Cetin"^'', F. Cevenini""^•""^ A. Chafaq'^^a^ £, Chakraborty"'^ K. Chan^, 

B. Chapleau'^4^ j j) Chapman^^ J.W. Chapman'^^ E. Chareyre", D.G. Charlton'^, V. Chavda**^ C.A. Chavez Barajas^'', 

S. Cheatham'^4^ § Chekanov^, S.V. Chekulaev'^s^ G.A. Chelkov*'^, M.A. Chelstowska'o^, c. Chen''^ H. Chen^^, S. Chen^^c^ 
T. Chen^^c^ x. Chen'^i, S. Cheng^^a^ ^ Cheplakov^'*, V.F Chepurnov'"*, R. Cherkaoui El Moursli'^^e^ y Chemyatin^^, E. Cheu^ 
S.L. Cheung'", L. Chevalier'^^, G. Chiefari'«'^•l«l^ L. Chikovani5l^ J.T. Childers^'', A. ChiHngarov™, G. Chiodini^i% 
A.S. Chisholm'\ M.V. Chizhov''^, G. Choudalakis^", S. Chouridou'^^ LA. Christidi^^ A. Christov''^ D. Chromek-Burckhart^'', 
M.L. Chu'^", J. Chudoba'2\ G. Ciapetti'^'^''^'\ K. Ciba", A.K. Ciftci^^ R. Ciftci^", D. Cinca^^ V. Cindro", M.D. Ciobotam'^^ 

C. Cioccai''% A. Ciocio''*, M. Cirilli**^ M. Citterio'^'^% M. Ciubancan^^^ A. Clark'''', RJ. Clark"^, W. Cleland'^z, J.C. Clemens**^ 

B. Clement^^, C. Clement'^^^-'^^b, R.w. Clifftl2^ Y. Coadou**2, M. Coball^3^■'^3^ A. Coccaro'^', J. Cochran*'^ R Coe"^ 
J.G. Cogan'^^ J. Coggeshall""*, E. Cogneras'^'', J. Colas^, A.R Colijni04, N.J. Collins'^ C. Collins-Tooth^^ J. Collot^^ 
G. Colon**^ R Conde Muino'^^", E. Coniavitis"^, M.C. Conidi", M. Consonni'"^ V. Consorti'^^ S. Constantinescu^^^, 

C. Conta"*^"' "**'', F Conventi'"'^', J. Cook^'', M. Cooke"*, B.D. Cooper™, A.M. Cooper-Sarkar"^ K. Copic'^, T. Cornelissen'^^ 
M. Corradi'''^ F. Corriveau'*'*'-'', A. Cortes-Gonzalez""*, G. Cortiana''^ G. Costa**'^% M.J. Costa*''^ D. Costanzo*3^ T. Costin^", 

D. Cote^^, R. Coura Torres^^^ L. Courneyea'^^ G. Cowan^^ C. Cowden^^ B.E. Cox**', K. Cranmer"", F Crescioli'^''''^"', 
M. Cristinziani^", G. Crosetti^^"-^*''', R. Crupi^'^-^"', S. Crepe-Renaudin^^ C.-M. Cuciuc25% C. Cuenca Almenar'^'*, 

T. Cuhadar Donszelmann'^^ M. Curatolo'*^ C.J. Curtis'^ C. Cuthbert''*^ R Cwetanski''", H. Czirr''"', R Czodrowski'*^ 

Z. Czyczula'^'*, S. D'Auria^^ M. D'Onofrio^^ A. D'Oraziol3l^■l3l^ RV.M. Da Silva23% C. Da Via'*', W. Dabrowski", T. Dai*'^ 

C. Dallapiccola'*^ M. Dam^^ M. Dameri^"'''^"'', D.S. Damiani'^'', H.O. Danielsson^'', D. Dannheim^^ V. Dao'*'', G. Darbo5"% 

G.L. Darlea^^'^, W. Davey^o, T. Davidek'^^, N. Davidson**^ R. Davidson™, E. Davies"^ ^ M. Davies^^ A.R. Davison™, 

Y. Davygora^^^ E. Dawe''", I. Dawson'^^, J.W. Dawson^*, R.K. Daya-Ishmukhametova^^, K. De^, R. de Asmundis""'', 

S. De Castro'''^''"', RE. De Castro Faria Salgado^^, S. De Cecco^\ J. de Graat''^ N. De Groot"'^ R de Jong'"'*, C. De La Taille"", 

H. De la Torre™, B. De Lotto "'3^■"'3^ L. de Mora™, L. De Nooij'"'', D. De Pedis'^'", A. De Salvo'3'% U. De Sanctis"'3^■"'3^ 

A. De Santo"'^ J.B. De Vivie De Regie"^, S. Dean™, W.J. Dearnaley™, R. Debbe^'', C. Debenedetti''^ D.V. Dedovich^'', 

J. Degenhardt"^ M. Dehchar"^ C. Del Papa'^^^■'^^^ J. Del Peso™, T. Del Prete'^'^'^'b, T. Delemontex^^ M. Dehyergiyev^^ 

A. Dell'Acqua™, L. Dell'Asta^', M. Delia Pietra'^'^', D. della Volpe""^■""^ M. Delmastro^, N. Delmelle™, RA. Delsart^^ 

C. Deluca"'^ S. Demers'^"*, M. Demichev^'*, B. Demirkoz"*, J. Deng"'^, S.R Denisov'^^ D. Derendarz^^ J.E. Derkaoui'^"'', 
F. Derue^\ R Dervan^^^ g Desch^", E. Devetak"'^ RO. Deviveiros'"", A. Dewhurst'^^ B. DeWilde'"^, S. Dhaliwal'", 

R. Dhullipudi^"-', A. Di Ciaccio'^^^-'^^'', L. Di Ciaccio", A. Di Girolamo™, B. Di Girolamo™, S. Di Luise'^^^-'^^'', A. Di Mattia'^', 

B. Di Micco^^ R. Di Nardo''^ A. Di Simone'32a,i32b^ ^ pj sipio'^^■'9^ M.A. Diaz3'% F Diblen"*^ E.B. Diehl'*'', J. Dietrich'", 
T.A. Dietzsch5*'% S. Diglio'*^ K. Dindar Yagci^'', J. Dingfelder™, C. Dionisi'^'^'^"', R Dita^^", S. Dita^^", F Dittus™, F Djama'*^ 
T. Djobava5'^ M.A.B. do Vale^^^, A. Do Valle Wemans'^^^ T.K.O. Doan^, M. Dobbs**^, R. Dobinson ™*, D. Dobos™, 

E. Dobson™'", J. Dodd^^^ C. Doglioni'*'', T. Doherty5^ Y Doi''^*, J. Dolejsi'^^, L Dolenc™, Z. Dolezal'^^, B.A. Dolgoshein''^*, 
T. Dohmae'5^ M. Donadelli^^'', M. Donega""*, J. Donini^^ J. Dopke™, A. Doria""% A. Dos Anjos'^', M. Dosil", 

A. Dotti'2'^'2ib, M.T Dova''^ J.D. Dowell'^ A.D. Doxiadis'"'*, A.T. Doyle5^ Z. Drasal'^^ J. Drees'™, N. Dressnandt"^ 

H. Drevermann™, C. Driouichi^^ M. Dris^, J. Dubbert''^ S. Dube''', E. Duchovni'™, G. Duckeck''^ A. Dudarev^^ F Dudziak^^ 

M. Diihrssen 29, LP Duerdoth^', L. Duflot"", M-A. Dufour'*'', M. Dunford™, H. Duran Yildiz3% R. Duxfield'3^ M. Dwuznik", 

F Dydak ^'^ , M. Duren^^ W.L. Ebenstein'"', J. Ebke^^ S. Eckweiler**", K. Edmonds**", C.A. Edwards™, N.C. Edwards5^ 

W. EhrenfeW", T. Ehrich^**, T. Eifert"'^ G. Eigen'^, K. Einsweiler'^, E. Eisenhandler™, T. Ekelof"'^ M. El Kacimi'^^c^ 

M. Ellert'^^ S. Files'*, F Ellinghaus**", K. Ellis^", N. ElHs^'', J. Elmsheuser'", M. Elsing^'', D. EmeHyanov'^s, R. Engelmann"*^, 

A. Engl''^ B. Epp''', A. Eppig**^ J. Erdmann^", A. Ereditato'^ D. Eriksson"*5% J. Ernst', M. Emst^'*, J. Ernwein'^^ D. Errede'^'*, 

S. Errede'^", E. Ertel**", M. Escalier"'*, C. Escobar'^^, X. Espinal Curull", B. Esposito'*^ F Etienne**^ A.I. Etienvre'^^ 

E. Etzion'5^ D. Evangelakou^'*, H. Evans*'", L. Fabbri '''"•''"', C. Fabre™, R.M. Fakhmtdinov'^^, S. Falciano'^'% Y Fang'^', 
M. Fanti****^'*****', A. Farbin^ A. Farilla'^^% J. Farley"*^ T. Farooque'", S.M. Farrington"^ R Farthouat™, R Fassnacht^'', 

D. Fassouliotis**, B. Fatholahzadeh'", A. Favareto^**^-'*^'', L. Fayard'"*, S. Fazio^*^-^*, R. Febbraro^^ R Federic''*^% O.L. Fedin'^", 
W. Fedorko^^, M. FehHng-Kaschek'*'*, L. FeHgioni^^, D. Fellmann^, C. Feng^^"*, E.J. Feng^", A.B. Fenyuk'^^, J. Ferencei''*^*', 

J. Ferland^^, W. Fernando'"**, S. Ferrag^^, J. Ferrando^^, V. Ferrara'*', A. Ferrari"'^, P. Ferrari'"'*, R. Ferrari'"*'', 

D.E. Ferreira de Lima^-', A. Ferrer'^*", M.L. Ferrer'*^, D. Ferrere'*^, C. Ferretti***", A. Ferretto Parodi^"'"'^"*', M. Fiascaris^", 

F. Fiedler**", A. Filipcic™, A. Filippas'', F Filthaut'"\ M. Fincke-Keeler"'^ M.C.N. Fiolhais'^^^-'', L. Fiorini'^'', A. Firan^^ 

G. Fischer'*', R Fischer ™, M.J. Fisherl"^ M. Flechl'*^ I. Fleck''*", J. Fleckner**", R Fleischmann'™, S. Fleischmann'™, T. Flick'^^ 
A. Floderus^**, L.R. Flores Castillo'^', M.J. Flowerdew^^, M. Fokitis'', T. Fonseca Martin'^, D.A. Forbush'^^, A. Formica'^^, 

A. Forti**', D. Fortin'5**% J.M. Foster**', D. Foumier'"*, A. Foussat^'', A.J. Fowler'*'*, K. Fowler'^^ H. Fox™, R Francavilla", 
S. Franchino"**^' "***', D. Francis^^, T Frank'™, M. Franklin", S. Franz^', M. FratemaU"**^- "***', S. Fratina"'', S.T French^^, 

F. Friedrich '*^, R. Froeschl^^, D. Froidevaux^^, J.A. Frost^^, C. Fukunaga'^^, E. FuUana Torregrosa^^, J. Fuster'*"^, C. Gabaldon^^, 
O. Gabizon'™, T. Gadfort^", S. Gadomski'*'', G. Gagliardi^"^^"^ R Gagnon''", C. Galea''^ E.J. Gallas"\ V. Gallo'^ B.J. Gallop'^^ 
R Gallus'^", K.K. Gan'"**, YS. Gao''*^ ^ V.A. Gapienko'^^ A. Gaponenko"*, F Garberson'™, M. Garcia-Sciveres"*, C. Garclal*'^ 
J.E. Garcia Navarro"'^, R.W. Gardner^", N. Garelli^'', H. Garitaonandia'"'*, V. Garonne^^ J. Garvey'^ C. Gatti'*^ G. Gaudio"'*% 

B. Gaur''*", L. Gauthier'^^ I.L. Gavrilenko''^ C. Gay'^\ G. Gaycken™, J-C. Gayde^'', E.N. Gazis^ R Ge^^d^ Q^p Gee'^**, 
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D.A.A. Geertsio^, Ch. Geich-GimbeP, K. Gellerstedti^^^.i^sb^ q Gemme5''^ A. Gemmell5^ M.H. Genest^^ S. Gentile'^ '^•i^"', 

M. George^"*, S. George^^ P. Gerlach'^^ A. Gershon'^^ C. Geweniger5'^^ H. Ghazlane'^'*'', N. Ghodbane^^ B. Giacobbe'''^ 

S. Giagu'^'^-'^"', V. Giakoumopoulou^ V. Giangiobbe^', F. Gianotti^'', B. Gibbard^^, A. Gibson'", S.M. Gibson^^, 

L.M. Gilbert"^, V. Gilewsky^", D. Gillberg^^ A.R. Gillman'^^ D.M. Gingrich^'', J. Ginzburg'", N. Giokaris^ M.P. Giordani"'^^ 

R. Giordano""^'"'"', F.M. Giorgi'^ P. Giovannini'*^ RE Giraud'^^ D. Giugni'^'^% M. Giunta'*^, P. Giusti'^^ B.K. Gjelsten''^, 

L.K. Gladilin''^ C. Glasman™, J. Glatzer^^, A. Glazov^', K.W. Glitza'", G.L. Glonti*'^, J.R. Goddard^^^ J. Godfrey''*!, 

J. Godlewski^'', M. Goebel"*', T. Gopfert''^ C. Goeringer*^", C. Gossling''^ T. Gottfert''^ S. Goldfarb*"', T. Golling'^\ 

A. Gomes'^^^'*, L.S. Gomez Fajardo'", R. Gongalo^^, J. Goncalves Pinto Firmino Da Costa^', L. Gonella^*', A. Gonidec^^, 

S. Gonzalez'^', S. Gonzalez de la Hoz"'^ G. Gonzalez Parra", M.L. Gonzalez Silva^^, S. Gonzalez-Sevilla'*'', JJ. Goodson'''^ 

L. Goossens^'', RA. Gorbounov'''*, H.A. Gordon^"*, I. Gorelov'"^, G. Gorfine'", B. Gorini^'', E. Gorini^'^-^"', A. Gorisek^^ 

E. Gornicki^^ S.A. Gorokhov'^^, y.N. Goryachev'^^, fi. Gosdzik"*', M. Gosselink'""*, M.I. Gostkin*"*, I. Gough Eschrich'^^ 

M. Gouighri'3■*^ D. Goujdami'^'^^ M.P Goulette'*'', A.G. Goussiou'", C. Goy"*, S. Gozpinar^^, I. Grabowska-Bold", 

P. Grafstrom^'', K-J. Grahn"*', F. Grancagnolo^'^ S. Grancagnolo'^ V. Grassi"*^ V. Gratchev'^o, N. Grau^'', H.M. Gray^^ 

J.A. Gray"'^ E. Graziani'^^% O.G. Grebenyuk'^", T. Greenshaw^^^ 2.D. Greenwood^"*', K. Gregersen^^ I.M. Gregor"*', 

R Grenier'''^, J. Griffiths'", N. Grigalashvili*'^, A.A. Grillo'^'', S. Grinstein", Y.V. Grishkevich''^ J.-E Grivaz"^, M. Groh''^ 

E. Gross'™, J. Grosse-Knetter^'', J. Groth-Jensen'™, K. Grybel"*", V.J. Guarino^ D. Guest'^"*, C. Guicheney^^ A. Guida^'^-^"', 

S. Guindon54, H. Guler'^''", J. Gunther'^^, B. Guo'", J. Guo^'', A. Gupta™, Y. Gusakov'"', V.N. Gushchin'", R Gutierrez"", 

N. Guttman'5^ O. Gutzwiller'^', C. Guyot'3^ C. Gwenlan"\ C.B. Gwilliam^^ A. Haas'^^, S. Haas^'', C. Haber''', 

H.K. Hadavand3^ D.R. Hadley'\ R Haefner''^ E Hahn^'', S. Haider^"*, Z. Hajduk3^ H. Hakobyan'^^ D. Hall"^ J. Haller^^, 

K. Hamacher'^^ R Hamal''^, M. Hamer^^^ A. Hamilton'^^b", S. Hamilton'^o, H. Han^^a^ l Han^^b^ j^ Hanagaki"^ 

K. Hanawa'^'', M. Hance'^, C. Handel™, R Hanke^^^ J.R. Hansen^^ J.B. Hansen^^ J.D. Hansen^^^ PH. Hansen^^ R Hansson'''^, 

K. Hara'^'', G.A. Hare'^^, T. Harenberg'^^ S. Harkusha'^'', D. Harper'^'', R.D. Harrington''^ O.M. Harris'", K. Harrison'^ 

J. Hartert''^ E Hartjes'°\ T. Haruyama^^ A. Harvey5^ S. Hasegawa'"", Y. Hasegawa'3^ S. Hassani'^^ M. Hatctf^ D. Haufl[*^ 

S. Haug'*, M. Hauschild^'', R. Hauser*^^, M. Havranek™, B.M. Hawes"\ CM. Hawkes'^, R.J. Hawkings^'', A.D. Hawkins^^ 

D. Hawkins"'^, T. Hayakawa*''', T. Hayashi'^^ D. Hayden", H.S. Hayward^^^ § j Haywood'^^ E. Hazen^', M. He"'', S.J. Head'^, 

V. Hedberg^^ L. Heelan\ S. Heim'^\ B. Heinemann'^, S. Heisterkamp^^ L. Helary^, C. Heller'^\ M. Heller^'', S. Hellman'^^^'^sb, 

D. Hellmich™, C. Helsens", R.C.W. Henderson™, M. Henke5'*% A. Henrichs^", A.M. Henriques Correia^^ S. Henrot-Versille"", 

E Henry-Couannier^^, C. Hensel^'', T. Henfi'^^, CM. Hernandez^, Y Hernandez Jimenez""^, R. Herrberg'^, A.D. Hershenhorn'^', 

G. Herten^^ R. Hertenberger"*^, L. Hervas^'', G.G. Hesketh^^ N.R Hessey'"", E. Higon-Rodriguez"'^ D. Hill^*, J.C Hill", 

N. Hill^, K.H. HiUer"', S. Hillert™, S.J. Hillier'\ I. Hinchliffe'^, E. Hines"'', M. Hirose"^ E Hirsch''2, D. Hirschbuehl'^^ 

J. Hobbs"'\ N. Hod'52, M.C Hodgkinson'3^ R Hodgson'3^ A. Hoecker^'', M.R. Hoeferkamp'"2, J. Hoffman^'', D. HofTmann'^^ 

M. Hohlfeld™, M. Holder'^", S.O. Holmgren'^^^ T. Holy'^^, J.L. Holzbauer'*^ Y Homma'^^ T.M. Hong"^ 

L. Hooft van Huysduynen'"'', T. Horazdovsky'^^, C Horn'''^, S. Homer''^ J-Y Hostachy^^ S. Hou'™, M.A. Houlden^^^ 

A. Hoummada'^''^ J. Howarth**', D.E Howell"^ I. Hristova '^ J. Hrivnac"'*, I. Hruska'2\ T. Hryn'ova\ RJ. Hsu™, S.-C Hsu''', 

G.S. Huang"", Z. Hubacek'^^, E Hubaut'^^ E Huegging™, A. Huettmann"', T.B. Huffman''^ E.W. Hughes^'', G. Hughes™, 

R.E. Hughes-Jones*", M. Huhtinen^^, P. Hurst", M. Hurwitz''', U. Husemann'", N. Huseynov*''''', J. Huston", J. Huth^^, 

G. lacobucci''^, G. lakovidis^, M. Ibbotson**', I. Ibragimov'™, R. Ichimiya''*', L. Iconomidou-Fayard"^, J. Idarraga"^, P. lengo""", 

O. Igonkina'*^, Y Ikegami^^ M. Ikeno^^ Y Ilchenko3^ D. niadis'5^ N. Die'", M. Imori'^^, T. Ince™, J. Inigo-Golfin^'', 

R Ioannou^ M. Iodice'^^% V. Ippolito'^'^-'^"', A. Irles Quiles'^^ C Isaksson"'^ A. Ishikawa''*', M. Ishino^^, R. Ishmukhametov^^ 

C Issever"\ S. Istin"*% A.V Ivashin'", W. Iwanski^**, H. Iwasaki*'^ J.M. Izen™, V. Izzo'°'% B. Jackson"'', J.N. Jackson^^ 

R Jackson'42, M.R. JaekeF, V. Jain*^", K. Jakobs^^ S. Jakobsen^^, J. Jakubek'^^, D.K. Jana"°, E. Jankowski'", E. Jansen^^ 

H. Jansen^"*, A. Jantsch'"^, M. Janus™, G. Jarlskog''^ L. Jeanty", K. Jelen", I. Jen-La Plante™, P. Jenni^'', A. Jeremie'', P. Jez^^, 

S. Jezequel'', M.K. Jha'''% H. Ji'^', W. Ji™, J. Jia"'^ Y Jiang"^ M. Jimenez Belenguer'", G. Jin"^ S. Jin"% O. Jinnouchi'^^, 

M.D. Joergensen^^ D. Joffe^^ L.G. Johansen'^ M. Johansen'''^^'''^'', K.E. Johansson"'5^ R Johansson'^^ S. Johnert'", 

K.A. Johns^ K. Jon-And'''5^•'''5^ G. Jones"^ R.W.L. Jones™, T.W. Jones™, T.J. Jones^^ O. Jonsson^'*, C Joram^^ RM. Jorge'^^^ 

J. Joseph'", J. Jovicevic'''^, T. Jovin'^'', X. Ju'^', CA. Jung''^ R.M. Jungst^**, V. Juranek'^'', R Jussel''', A. Juste Rozas", 

V.V. Kabachenko'", S. Kabana'^ M. Kaci'^^ A. Kaczmarska^^ R Kadlecik^^ M. Kado'"*, H. Kagan'^^ M. Kagan", 

S. Kaiser""^, E. Kajomovitz'^', S. Kalinin'^^ L.V Kalinovskaya*", S. Kama^^ N. Kanaya'^", M. Kaneda^**, S. Kaneti", 

T. Kanno'5^, VA. Kantserov''^ J. Kanzaki''^ B. Kaplan'^", A. KapHy™, J. Kaplon^^, D. Kar''^ M. Karagounis™, M. Karagoz"^, 

M. Kamevskiy"', K. Karr^, V. Kartvehshvili™, A.N. Karyukhin'", L. Kashif'^', G. Kasieczka5^^ R.D. Kass'"^ A. Kastanas'^ 

M. Kataoka'', Y Kataoka'^", E. Katsoufis'', J. Katzy'", V. Kaushik^ K. Kawagoe^^ T. Kawamoto'^'', G. Kawamura™, 

M.S. Kayl'"'', VA. Kazanin'"'', M.Y Kazarinov'"', R. Keeler"'^ R. Kehoe^'', M. Keil5^ G.D. KekeUdze*"", J. Kennedy''^ 

C.J. Kenney'42, M. Kenyon^^, O. Kepka'^^, N. Kerschen^^ B.R Kersevan^^ S. Kersten'^^ K. Kessoku'^'', J. Keung'", 

E KhaUl-zada'", H. Khandanyan'*'^, A. Khanov'", D. Kharchenko''^, A. Khodinov''^, A.G. Kholodenko'", A. Khomich5**% 

T.J. Khoo", G. KhoriauH™, A. Khoroshilov'^^ N. Khovanskiy'"', V. Khovanskiy^'', E. Khramov*"*, J. Khubua5'^ H. Kim'^^^-'^b^ 

M.S. Kim^, S.H. Kim'^'', N. Kimura'*'^ O. Kind'^ B.T. King^^ M. King*'^ R.S.B. King"\ J. Kirk'^^, L.E. Kirsch^^, 

A.E. Kiryunin''^ T. Kishimoto*''', D. Kisielewska", T. Kittelmann'^^, A.M. Kiver'", E. Kladiva'"^'', J. Klaiber-Lodewigs''^, 
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M. Klein^^ U. Klein^^ K. Kleinknecht**", M. Klemetti**^, A. Klier'™, P. Klimeki^^^.i^sb^ A. Klimentov^'*, R. Klingenberg^^ 

J.A. Klinger*^', E.B. Klinkby^^ T. Klioutchnikova^^, RR Klokio\ S. Klous'"'*, R.-E. Kluge5'^% T. Kluge^^ R Kluit""*, s. Kluth^^ 

N.S. Knecht'", E. Kneringer*'', J. Knobloch^^ E.B.RG. Knoops'^^ A. Knue^^^ B.R. Ko''^, T. Kobayashi'^^, M. Kobel^^, 

M. Kociani'*2, R Kodys'^s, K. Koneke^'', A.C. Konig'O^, S. Koenig**^, L. Kopke**^, R Koetsveld'O^, R Koevesarki^", T. KoflFas^^, 

E. Koffeman'"'*, R.A. Kogan^'^ R Kohn^^, Z. Kohout'^e, T. Kohriki''^, T. Koi"*^ T. Kokott^", G.M. Kolachev""^, H. Kolanoski'^ 

V. Kolesnikov''^, I. Koletsou'^'^% J. KolF, M. Kollefrath^^, S.D. Kolya'^', A.A. Komar''^ Y. Komori'^^^ T. Kondo^^ T. Kono'*'-?, 

A.I. Kononov"*^, R. Konoplich'"^ ^ N. Konstantinidis^'', A. Kootz'^^ S. Kopemy^^, K. KorcyP^ K. Kordas'^^ V. Koreshev'^^, 

A. Korn"^ A. Korol'Ofi, I. Korolkov", E.V. Korolkoval3^ V.A. Korotkov'^^, Q. Kortner^^ S. Kortner''^ V.V. Kostyukhin^", 

M.J. Kotamaki^^, S. Kotov^**, V.M. Kotov^'*, A. Kotwal'''*, C. Kourkoumelis**, V. Kouskoura'^^ A. Koutsman'^^", 

R. Kowalewski"'^ T.Z. Kowalski", W. Kozanecki'^^ A.S. Kozhin'^^ V. Kral'^'', V.A. Kramarenko'"', G. Kramberger^^ 

M.W. Krasny^^, A. Krasznahorkay"", J. Kraus^^, J.K. Kraus^^, A. Kreisel'^^, P. Krejci'^^, J. Kretzschmar^^, N. Krieger^"*, 

R Krieger'5^, K. Kroeninger^'*, H. Kroha''^ J. Kroll"'', J. Kroseberg^", J. Krstic'^^ U. Kmchonak^'', H. Kmger^", T. Kmker'^, 

N. Kmmnack", Z.V. Kmmshteyn''^ A. Kmth^o, T. Kubota'*^ S. Kuday^% S. Kuehn'•^ A. Kugel5**^ T. Kuhl^i, D. Kuhn*'', 

V. Kukhtin'54, Y. Kulchitsky'^^ S. Kuleshov3l^ C. Kummer^'', M. Kuna", N. Kundu"\ J. Kunkle"^ A. Kupcoi24, H. Kurashige^^ 

M. Kuratai59, YA. Kurochkin**'', V. Kusi24, R.S. Kuwertz'^e, M. Kuze'^^, J. Kvita''*', R. Kwee'^, A. La Rosa'*'', 
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